Introduction

27
High concentrations of particulate matter (PM) can threaten the environment as well as 28 the health and welfare of humans and animals. A close relation between PM air pollution, 29 respiratory and cardiovascular disease, and mortality has been reported (Pope et al., 2002) .
30
Particulate matter air pollution can also cause reduced visibility, vegetation stress, and 31 ecosystems alteration (Grantz et al., 2003) . Furthermore, small PM can have a direct radiative 32 effect because they scatter and absorb solar and infrared radiation in the atmosphere (IPCC, 33 2001 ).
34
Livestock houses are important contributors to ambient fine (PM2.5) and coarse (PM10-35 2.5) PM emissions (Takai et al., 1998) . In livestock houses, PM has a high organic content, 36 because it is mainly composed of primary coarse particles which originate from feed, manure, 37 bedding, and animal's skin, feathers, and hair (Donham et al., 1986; Heber et al., 1988) . Inside 38 livestock houses, numerous studies have reported higher prevalence of respiratory diseases in 39 livestock farmers compared with other occupations (Bongers et al., 1987; Donham et al., 1984) .
40
Furthermore, animal's respiratory health may also be compromised by PM (Donham and 41 Leininger, 1984) .
42
The best approach to reduce PM in and from livestock houses seems to be to prevent it 43 from being generated. Improved knowledge on where PM comes from in livestock houses and 44 the identification of the major sources of PM, can help develop efficient and practical source-45 specific reduction techniques to comply with European threshold limits set in air quality 46 regulations, and to protect the environment, and human and animal health and welfare.
47
Moreover, the characterization of particle properties offers the potential to specifically 48 identify and quantify sources of PM (Casuccio et al., 2004) ; but to date, there is lack of detailed 49 characterization of particle size, morphology, and chemical composition from sources in 50 livestock houses. With comprehensive particle characterization and detailed source profiles, 51 better estimates of contributions to more specific sources would be possible (Watson et al., 3 2002) . Therefore, the development of specific, accurate, and detailed source profiles for known 53 sources from livestock houses is encouraged.
54
The aim of this study was to morphologically and chemically characterize individual 55 fine and coarse PM from known sources collected from different housing systems for poultry 56 and pigs, and to develop comprehensive morphological and chemical source profiles. More 57 specifically, the objectives of this study were (i) to identify unique source-specific particle 58 morphologies and define homogeneous morphological types of particles; (ii) to identify element 59 source compositions and compare them amongst sources; and (iii) to determine particle size, 60 and size distribution in each source. The results from this work can be useful information for 61 source identification and quantification in livestock houses, improving the understanding of 62 how PM is generated in such environments, and developing strategies for its reduction.
63
Material and methods
64
Livestock houses and source types 65
A total of 48 samples from known sources of PM were collected at 14 different 66 livestock locations in The Netherlands, including seven different housing systems for poultry 67 and pigs. Two farms were sampled for each livestock housing system. Table 1 
Known source sample collection and preparation 72
Sampling was conducted during morning (from 09:00 to 12:00) at each livestock farm.
73
A representative sample from each PM source was obtained by randomly sampling different 74 locations in the livestock house. A total of 200 to 500 grams of feed, clean bedding, and fresh 75 manure samples were collected at each location from the flooring surfaces. A total of 10 to 50 76 grams of hair, feathers, and skin, were directly collected from clean animals. Samples were 77 stored in clean sealable polyethylene bags, and transported to the laboratory and stored under 4 refrigeration. Each sample was then mixed to achieve a uniform sample and the samples were 79 dried in the oven for 12 h at 70ºC. Dried samples were crushed in a ball mill during 1.5 min at 80 250 rpm. Dried and milled samples were stored at room temperature.
81
A representative sample of ambient outdoor fine and coarse PM was also collected 82 upwind, at each location on each sampling day. These PM samples were collected using a 83 virtual cascade impactor (RespiCon, Wetzlar, Germany 1800x for fine PM, and X-ray acquisition time 60 s per particle.
119
Uniformity of particle deposition on the filter was verified examining the filter prior to 120 analysis at low magnification (300x). Then, at least three fields of view per filter sample were 121 analyzed. On each analyzed field, both an image (photomicrograph at 1000x or 1800x) and 122 single particle X-ray spectra of every particle found in that field were obtained and stored.
123
Within each field, the minimum projected area diameter for the coarse particles was set at 1 µm.
124
The minimum projected area diameter for the fine particles was set at 0.1 µm (Conner et al., 125 2001) . These limits were set because otherwise the detection and analysis of smaller particles 126
was not reliable at the used magnifications. A total of 25 to 50 individual particles were 127 analyzed in each sample. All spectra were normalized to 100% and checked manually to correct 128 for the contribution of the filter material (composed of carbon and oxygen).
129
Photomicrographs (images) of each field of view were acquired at normal gray and 130 saved in tif format (1024x768 resolution). These images were further analyzed using the Object 6 Based Image Analysis (OBIA) approach (Blaschke, 2010) using FETEX 2.0 software (Ruiz et   132 al., 2010) . This image analysis and processing system automatically detected each particle 133 object and calculated the particle projected area. From the particle area, the projected area 134 diameter (D p ) was calculated, defined as the diameter of a perfect circle fitted to the measured 135 area of the particle (equation 1).
(1) 137
Data analyses 138
Particle types and morphologies were qualitatively analyzed based on the SEM images.
139
These particle types were morphologically described in terms of shape (rounded, spherical, 140 fibrous, flake, angular, aggregate, irregular, flattened, long-thin), surface (layered, smoothed, 141 cracked), edges and borders (sharpness), texture (smooth, grape-like, and rough), and opacity, 142 amongst others (McCrone, 1992; NIST, 2010 
168
We also calculated the standardized mass fraction by multiplying the particle number 169 concentrations by an estimated particle mass per source, assuming all particles were spherical,
170
and assuming a value for particle density. 
where: m i = particle mass for the i th size range of particles, n i = number of particles measured by 176 the instrument for the i th size range, ρ p = particle density per source, v pi = particle spherical 177 volume for the i th size range, r i = equivalent radius of a spherical particle for the i th size range, 
250
Results from the discriminant analysis confirmed the differences in relative element 251 concentrations amongst sources presented in Figure 10 and Figure 11 . The first five common 252 variables that best discriminated amongst sources were P, N, Cl, S, and K. Table 2 and Table 3 show the summary of the stepwise discriminant analysis for each variable considered. In fine 254 PM, order of entrance into the discriminant process was: P, N, Cl, S, K, Si, Na, Al, Ca, Mg, and 255 Sn (Table 2) . In coarse PM, the order of entrance into the discriminant process was: P, N, K, S,
256
Cl, Al, Ca, Cr, Na, Mg, Ba, and Fe (Table 3) .
257
Cluster analysis revealed three major source groups in fine and coarse PM: one 258 including mainly feed and outside source, another including mainly manure source, and the 259 third one including feathers and skin; being wood shavings either grouped together with feathers 
Discussion
313
The main differences amongst sources were found between hair and skin and the rest of sources, 314 because these presented the most well defined and homogeneous particle types and 315 morphologies. Furthermore, the use of digital image analysis software could be useful to extract 316 morphological characteristics and quantify further differences.
317
The different morphological types of particles identified in the SEM analysis could be 318 partly explained by the different livestock production systems. Particle types from feathers 319 could be explained by the feather structure and development process, related to different poultry 320 production systems. In our study, farms with 3 to 4 week-old broilers were sampled. Therefore, 
382
All sources showed the highest particle counts in the lowest size ranges. This differed 383 when expressed in mass. Heber et al. (1988) determined more than 50% of particles from pig houses were smaller than 2.7 µm, and found higher particle counts in the smallest size ranges 385 for grain meal than for starch, where most particles were found to be greater than 5.4 µm. Our 386 results suggest that most of the generated particles from our feed samples could come from 387 grain meal rather than from starch. Furthermore, starch agglomerates, which present a specific (Partial R-Square), the F-statistic (F-value), and the probability level (Pr > F), from the one-way 4 analysis of covariance in fine PM. 1.E-08
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